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Abstract 
We demonstrate a novel pathway to control and stabilize oxygen vacancies in complex 
transition-metal oxide thin films. Using atomic layer-by-layer pulsed laser deposition (PLD) from 
two separate targets, we synthesize high-quality single-crystalline CaMnO3 films with 
systematically varying oxygen vacancy defect formation energies as controlled by coherent tensile 
strain. The systematic increase of the oxygen vacancy content in CaMnO3 as a function of applied 
in-plane strain is observed and confirmed experimentally using high-resolution soft x-ray 
absorption spectroscopy (XAS) in conjunction with bulk-sensitive hard x-ray photoemission 
spectroscopy (HAXPES). The relevant defect states in the densities of states are identified and the 
vacancy content in the films quantified using the combination of first-principles theory and core-
hole multiplet calculations with holistic fitting. Our findings open up a promising avenue for 
designing and controlling new ionically-active properties and functionalities of complex 
transition-metal oxides via strain-induced oxygen-vacancy formation and ordering. 
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Text 
Dynamic control of ionic defects in transition-metal oxides and their interfaces is 
considered to be an exciting new avenue towards creating materials with novel electronic, 
magnetic and structural properties 1, 2. Such an approach for materials design, strongly reminiscent 
of the principles that enable modern semiconductor technology, has tremendous potential due to 
the fact that very small changes in the concentrations of defects such as oxygen vacancies can lead 
to dramatic changes in the materials' properties and function, such as conductivity 3 and magnetism 
4. Thus, our ability to tailor and fine-tune the densities and concentration profiles of such functional 
defects largely determines the full range of novel phenomena and functionalities accessible in such 
systems. 
Coherent epitaxial strain has been widely utilized as a tuning knob to control key functional 
properties in transition-metal oxides. Recent examples of such strain-functionality coupling 
include the control of metal-to-insulator transition temperature in VO2 5 and the insulator-to-
superconductor transition temperature in La1.9Sr0.1CuO4 6. Going beyond the ability to effectively 
manipulate already existing physical properties of a given material, strain has also been shown to 
invoke entirely new exotic ground states such as ferroelectricity in SrTiO3 and increased 
ferroelectric polarization in BaTiO3, consistent with theoretical predictions7-9. 
The antiferromagnetic Mott insulator CaMnO3 is a well-established example of a complex 
transition-metal oxide in which electronic and magnetic properties can be manipulated via strain, 
heteroengineering and external stimuli 10-14. A recent theoretical study suggests that, in addition to 
directly affecting internal bond lengths and oxygen octahedral rotations, coherent epitaxial strain 
can facilitate spontaneous formation of oxygen vacancies and even influence defect-site preference 
leading to vacancy ordering in CaMnO3 and similar materials 15, 16. This prediction opens the door 
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for exploring and controlling new properties and functionalities stemming from ionic activity. 
Thus, a clear understanding of the energetics and strain-control of such defects is crucial for 
achieving technical feasibility and efficient performance of future electronic devices relying on 
these properties. 
Here we use a combination of atomic layer-by-layer pulsed laser deposition (PLD) from 
two separate targets, bulk-sensitive x-ray spectroscopies (XAS and HAXPES), and a combination 
of theoretical methods to show a direct relationship between applied coherent epitaxial strain and 
oxygen vacancy concentration in ultrathin single-crystalline CaMnO3 films. Spectroscopic 
fingerprints of the defect-induced electronic states are identified and analyzed. It is furthermore 
revealed that, due to their high mobility 17, 18, the vacancies partially diffuse out of the film when 
exposed to ambient atmosphere, thus necessitating an in-situ-grown capping layer to preserve the 
original strain-induced oxygen-vacancy content. This underlines the importance of bulk-sensitive 
x-ray techniques, capable of probing buried layers and interfaces, for the understanding of the 
electronic properties of strain-engineered thin films. 
Two identical sets of ultrathin (10 unit cells) single-crystalline CaMnO3 films were 
synthesized using atomic layer-by-layer PLD 19 on three different single-crystalline substrates 
inducing coherent in-plane tensile strain varying from +0.8% to +4% (see Supplementary 
Information for details). Coherent epitaxy at such high strain levels is made possible by atomic 
layer-by-layer synthesis via alternating ablation of two separate constituent oxide targets (MnO2 
and CaO) 19. A thicker (80 unit cells) bulk-like CaMnO3 film was grown on a SrTiO3 substrate as 
a fully-relaxed (0% strain) reference sample. To investigate the effect of ambient atmospheric 
exposure on the oxygen-vacancy content, one complete set of films was capped with a 3 nm-thick 
Pt capping layer in-situ and the other identical set synthesized during the same run was left 
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exposed. Quality, crystallinity and thickness of the films was verified using x-ray diffraction 
(XRD) and reflection high-energy electron diffraction (RHEED) measurements (see Fig. S1 and 
accompanying discussion in the Supplementary Information). In addition, an exhaustive 
characterization of such coherently-strained CaMnO3 films via XRD, x-ray reflectivity and atomic 
force microscopy was carried out by us in a prior study 20, confirming crystallinity, tensile strain 
values, phase purity and coherence. 
Soft x-ray XAS measurements at the Mn L2,3 and O K absorption thresholds were carried 
out at the elliptically polarized undulator beamline 4.0.2 of the Advanced Light Source using the 
Vector Magnet endstation 21. The average probing depth in the total electron yield XAS detection 
mode was estimated to be approximately 5 nm, providing optimal bulk-sensitivity to probe the 
buried CaMnO3 layer underneath the 3 nm-thick Pt cap. Measurements were carried out at several 
locations on the sample, to exclude the possibility of x-ray sample damage. 
Complementary core-level HAXPES measurements of the Mn 3s multiplet-split spectra 
were carried out using a focused monochromated Cr Kα x-ray source integrated with a VG Scienta 
R4000 hemispherical analyzer 22 equipped with an additional wide acceptance objective lens. At 
the Cr Kα excitation energy of 5.4 keV, the inelastic mean-free paths (IMFP) of the photoemitted 
Mn 3s electrons in CaMnO3 and Pt are estimated to be 8.0 nm and 4.4 nm respectively 23. 
Therefore, HAXPES has an advantage over traditional XPS of being able to probe these electronic 
states in a buried layer and through the 3 nm-thick Pt cap. 
Observed strain-dependent changes in the electronic structure of buried CaMnO3 films 
strongly suggest systematic variation in the Mn valence state due to oxygen vacancy formation 
with increased tensile strain,15 as described in the following paragraphs. 
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We first discuss the changes in the Mn valence state and conduction-band orbital energetics 
as a function of in-plane strain. The excess charge associated with a neutral oxygen vacancy in 
CaMnO3 is accommodated in the lattice via the reduction of two Mn4+ to Mn3+ on sites adjacent 
to the vacancy 24. Tensile strain thus lowers the oxygen vacancy formation energy since the 
expanded lattice facilitates the increase in ionic radius associated with these reduction reactions 15. 
In Figure 1a, we plot the XAS spectra of the Mn L2,3 edges for the four Pt-capped CaMnO3 
films exhibiting tensile strain ranging from 0% (fully relaxed film) to 4%, as grown on an 
(LaAlO3)0.3 (Sr2AlTaO6)0.7 (LSAT) substrate. XAS at the L2,3 edges has been used routinely for 
the analysis of the transition-metal valence states in oxides 25, 26. Spin-orbit coupling splits the 
transition-metal L2,3 edge into two components, L2 and L3, corresponding to the 2p1/2 → 3d and 
2p3/2 → 3d transitions respectively 25, 26. The most striking evidence of the changes in the Mn 
valence state towards Mn3+ is observed with the systematic shift of the L2 and L3 spectral weights 
towards lower photon energies 26-29 as a function of increasing strain. The spectral shift is due to 
changes in the electrostatic energy at the Mn site driven by the decrease in the 3d count, which 
leads to shifts of both the core level and the final-state wavefunctions 27, 30. The observed total 
chemical shift of approximately 0.7 eV is immediately obvious to the eye for the L2 edge (see 
Figure 1a) and can be verified for the L3 edge via appropriate peak fitting, which is necessary due 
to the more complex structure of the excitonic region of the L3 edge. 
In addition to the abovementioned chemical shift, increase of the Mn3+ content with 
increased tensile strain is evidenced by the systematic increase in spectral weight of the feature at 
the photon energy of 640.3 eV, shown in the outset of Figure 1a, and identified in prior studies as 
the signature of the Mn3+ high-spin valence state 31, 32. Ratios of the spectral weight of the Mn3+ 
peak to the total spectral weight of the L3 edge, obtained via background subtraction and peak-
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fitting, are plotted in Figure 1b and exhibit monotonic increase as a function of strain. 
Corresponding systematic changes in the strain-dependent oxygen vacancy formation energies, 
calculated using density functional theory as in Ref.15, are plotted on the left axis and shown by 
green symbols. 
Another indicator of the increase of the Mn3+ content, the L3/L2 intensity ratio which is 
highly sensitive to the valence state of Mn ions 33, 34, is calculated and plotted in Figure 1b as a 
function of tensile strain. For the fully-relaxed bulk-like CaMnO3 film, the ratio is the lowest of 
the series (close to 2), consistent with the d3 configuration of the predominant Mn4+ ion 33. The 
ratio grows as a function of increased tensile strain (see Figure 1b), which strongly suggests an 
increase in the concentration of Mn3+ ions with d4 configuration 33. Consistent with the Mn3+ peak 
intensities, the L3/L2 ratios are also correlated to the calculated oxygen vacancy formation energies 
for the respective strain values. 
To determine the Mn3+ and Mn4+ ionic content in each sample, we simultaneously and self-
consistently fit our experimental data using spectra calculated for the respective Mn species via 
multiplet simulations 35, 36. In our model, the corresponding reductions of Slater integrals (which 
account for covalency) and the crystal-field parameters, in combination with Lorentzian and 
Gaussian broadenings, are all treated as the fit parameters. The edge jumps, modeled as cumulative 
pseudo-Voigt functions, and background functions are included for each data set. The resultant 
reference spectra for the Mn3+ and Mn4+ species are applied simultaneously to all data sets, with a 
common energy shift and varying scaling factors to account for the differences in composition 
between different samples. The fitting is performed using the Blueprint XAS package 35, 36, which 
enables calculations of multiple fits from multiple reduced-bias starting points, making it possible 
to evaluate uncertainties in the fit parameters as well as the derived quantities. Figure 2a shows 
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the resultant fits with the two optimized reference spectra calculated for the Mn3+ and Mn4+ species 
acting on all four datasets. Figure 2b shows the resultant compositions and their corresponding 
uncertainties. Other relevant parameters obtained from the fitting are tabulated in Table S1 of the 
Supplementary Information. 
Similar measurements and spectroscopic analysis carried out for the identical set of 
CaMnO3 films grown during the same run but without the protective Pt capping layer suggests that 
the vacancies partially diffuse out of the film when exposed to ambient atmosphere (see Figure S1 
in the Supporting Information). The uncapped films are still subjected to the same systematically-
varying substrate-induced coherent tensile strain as the capped samples, however, the spectral 
shapes for the strained films on LaSrAlO4 and LaAlO3 substrates (0.8% and 1.9% strain, 
respectively) look virtually indistinguishable from that for the bulk-like CaMnO3 film with 
predominantly Mn4+ valence (black spectrum). Significant spectral shape changes, fully consistent 
with the increase in the Mn3+ ion concentration as described above, are only observed for the 
maximally-strained film on the LSAT substrate (green spectrum), but to a lesser extent when 
compared to the similar capped sample (see Figure 1a). Our observations confirm the prediction 
that equilibrium room-temperature oxygen vacancy concentrations are low and that oxygen 
vacancies remain mobile even at low temperatures and can diffuse out of the film when exposed 
to ambient atmosphere 15. We emphasize that, while strain strongly enhances the oxygen vacancy 
concentration (by about an order of magnitude at 650 K and a factor of five at 950 K, the 
enhancement actually being stronger at low temperature), the small absolute oxygen vacancy 
concentration at room temperature makes the change in Mn3+ concentration undetectable by XAS. 
Using the Pt capping layer, we block oxygen uptake by the film and preserve the increased high-
temperature oxygen vacancy concentration that is metastable at room temperature. This 
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furthermore underlines the importance of non-destructive bulk-sensitive x-ray techniques, such as 
XAS and HAXPES, capable of probing electronic properties of films that are buried underneath 
protective capping layers. 
Figure 3 shows bulk-sensitive HAXPES measurements of the Mn 3s multiplet-split spectra 
for the Pt-capped coherently-strained CaMnO3 films. In 3d transition metals, the 3s core-level 
splitting arises due to the exchange coupling interaction between the 3s core-hole and 3d electrons 
and due to the intrashell 3d charge transfer process 37, 38. As the valence state of the Mn ion tends 
to decrease, the energy splitting between the two Mn 3s multiplet components increases 38, 39. 
Therefore, the 3s splitting is highly sensitive to the changes in the valence state of Mn ions and, in 
fact, has been used in numerous prior studies to determine the Mn valence state 39. Self-consistent 
Shirley-background subtraction and peak-fitting reveals that the Mn 3s splitting increases 
systematically with in-plane tensile strain (see Figure 3b). The low value of 4.49 eV is observed 
for the fully-relaxed bulk-like film (see Figure 3a), consistent with the prior studies and indicating 
predominantly Mn4+ ion content 40-42. The high value of 4.64 eV is observed for the maximally-
strained (+4.0% tensile) film on the LSAT substrate (see Figure 3a), indicating a significant 
contribution of the lower-valent Mn3+ ions, consistent with the XAS results. By assuming a 
homogeneous linear combination of the Mn3+ and Mn4+ concentrations in the film, as a first-order 
approximation we estimate that the maximally-strained CaMnO3 film on the LSAT substrate 
contains up to 20% more Mn3+ ions compared to the fully-relaxed film, which is in excellent 
agreement with the results of the holistic fitting of the XAS spectra (see Figure 2b). 
Lastly, we utilized the combination of high-resolution XAS at the O K absorption edge and 
first-principle density-of-states calculations to probe the electronic defect states in the conduction 
band of CaMnO3. The O K edge XAS probes the O 2p-projected unoccupied density of states 
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resulting from dipole-allowed x-ray transitions from the 1s core shell 43, 44. It is well known that 
the few-eV-wide region immediately above the absorption threshold (pre-edge) provides access to 
the relevant states in the unoccupied CaMnO3 conduction band via O 2p - Mn 3d orbital 
hybridization43, 44. Therefore, since these 2p-3d hybridized states are highly sensitive to the oxygen 
octahedral distortions as well as to the presence of oxygen vacancies, O K pre-edge XAS can be 
effectively used to detect electronic states induced by such defects 45 and to analyze electronic-
structural changes resulting in vacancy formation 45. While ground-state density-of-states 
calculations do not allow us to directly predict spectral shapes, we can tie the existence of spectral 
features to predicted changes in the energies of states. 
In Figure 4a we plot the O K pre-edge XAS spectra for the same set of coherently-strained 
Pt-capped CaMnO3 films. The most significant strain-dependent modification of the line shape is 
observed as a feature (D) on the higher-energy side of the pre-edge peak (centered at 530.5 eV) 
growing systematically with increasing strain. Based on first-principles calculations (see 
Supplementary Information for details) of the O 2p-projected density of states (pDOS) shown for 
the highest (+4.0%, with oxygen vacancy) and lowest (0.0%, without oxygen vacancy) strain states 
in Figure 4b, we can assign this feature to the emerging defect state (D’). Similarly to the defect 
state in the band gap about 0.5 eV below the conduction-band edge 15, which results from a 
lowering in energy of hybridized majority-spin Mn eg – O 2p states adjacent to a formed vacancy, 
this state (D’) results from an energy lowering of the minority-spin Mn eg – O2p states. Moreover, 
we can associate the observed shift of the peak (C) at 4% strain with an upwards shift of the 
hybridized minority-spin Mn t2g – O 2p states with increasing strain (C’). 
In summary, we experimentally varied the oxygen vacancy defect formation energies in 
strongly-correlated oxide CaMnO3 by engineering ultrathin coherently-strained single-crystalline 
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films via atomic layer-by-layer PLD from two separate targets. Oxygen vacancy content was 
stabilized by protecting the surfaces of the films with thin Pt layers in-situ. By utilizing bulk-
sensitive x-ray techniques, such as high-resolution XAS and HAXPES, as well as first-principles 
theory, we probed the electronic-structural changes related to the defect formation in CaMnO3 and 
established a direct link between the coherent in-plane strain and the oxygen-vacancy content. Our 
results provide a new recipe for designing strongly-correlated transition-metal oxides with tunable 
ionic defect content. 
 
Supporting Information 
Supporting information accompanies this paper and is available free of charge via the internet at 
http://pubs.acs.org/. It includes Sample synthesis and characterization, Calculations, XAS of 
uncapped CaMnO3 films and parameters obtained for multiplet simulations. 
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Figures and Legends 
 
 
 
Figure 1. (a) Mn L2,3 XAS spectroscopy of the strained ultra-thin CaMnO3 films. Systematic 
evolution of the spectroscopic features at the Mn L2,3 edges observed with substrate-induced tensile 
strain is consistent with the increase in the Mn3+ ion concentration induced by the oxygen vacancy 
formation. The key features include the chemical shift of the L2 and L3 spectral weights towards 
lower photon energies 26, 27, increase in the spectral weight of the Mn3+ high spin valence state 
Photon Energy (eV)
0 1 2 3 4
1.90
1.95
2.00
2.05
 
0.05
0.10
0.15
 
2.1
2.2
2.3
 
640 645 650 655
Mn L2Mn L3
a.
b.
In-plane tensile strain (%)
O 
va
ca
nc
y 
fo
rm
at
io
n 
E
(e
V) Relative M
n
3+intensity
M
n L3 /L2 ratio
XA
S 
in
te
ns
ity
 (a
rb
. u
ni
ts
)
+4.0% strain
0.0%
+0.8%
+1.9%
639 641
Mn3+
st
ra
in
Evac energy
Mn3+ peak
L3/L2 ratio
Mn3+
L2
Page 15 of 20
ACS Paragon Plus Environment
Nano Letters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
16 
 
feature at approximately 640.3 eV (inset) 31, 32, and the growth of the L3/L2 ratio 33, 34.  (b) 
Experimental data (right axis) showing the continuous systematic variation of the Mn3+ feature 
intensity as normalized to the total L3 peak area (red markers), as well as the L3/L2 ratio (blue 
markers) are correlated to the calculated strain-dependent oxygen vacancy formation energy (left 
axis / green markers). Both the experimental and theoretical values are plotted as functions of in-
plane tensile strain. 
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Figure 2. (a) Self-consistent simultaneous holistic fits of the strain-dependent experimental Mn 
L2,3 edge spectra using the Mn3+ and Mn4+ spectral components obtained via atomic multiplet 
theoretical calculations 46. Resultant Mn3+ and Mn4+ ionic contents are plotted as a function of in-
plane tensile strain in (b), and exhibit strain dependence similar to those of the experimental 
features shown in Figure 1b. 
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Figure 3. (a) Bulk-sensitive HAXPES of the Mn valence state in the CaMnO3 buried layers. Mn 
3s core-level spectra measured with the photon energy of 5.4 keV exhibit well-understood splitting 
due to the exchange coupling interaction 38. Magnitude of the splitting, quantified using self-
consistent peak-fitting and shown for the fully relaxed (0% strain) and fully-strained (+4% strain) 
films, can be related to the mean valence state of the Mn ions in the film 40.  (b) Magnitude of the 
Mn 3s peak splitting in the strained CaMnO3 films plotted as a function of in-plane tensile strain 
exhibits a trend which suggests systematic increase in the Mn3+ ion content, consistent with the 
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result obtained via XAS spectroscopy as well as the calculations of oxygen vacancy formation 
energies. 
 
 
 
 
Figure 4. (a) XAS spectra of the O K pre-edge region shown for systematically varying in-plane 
tensile strain exhibit a lineshape evolution consistent with first-principles predicted changes in O 
2p projected density-of-states shown in (b) (only one of the equivalent antiferromagnetic spin 
channels is shown). Peak positions and shifts calculated for the fully-relaxed and fully-strained 
films are in good agreement with the experimental data, with correspondences seen between 
features A–D in experiment and A'–D' in theory. States A’ correspond to hybridized majority-spin 
Mn eg – O 2p states, while B’ and C’ are hybridized minority-spin Mn t2g – O 2p states that are 
shifted to higher energy with increasing strain. The defect state D’ results from lowering of 
hybridized minority-spin Mn eg – O 2p states adjacent to the vacancy. 
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